ABSTRACT: Controlling the nanostructures and chemical compositions of the electrochemical nanocatalysts has been recognized as two prominent means to kinetically promote the electrocatalytic performance. Herein, we report a general "dual"-template synthesis methodology for the formation of multimetallic hollow mesoporous nanospheres (HMSs) with an adjustable interior hollow cavity and cylindrically opened mesoporous shell as a highly efficient electrocatalyst for ethanol oxidation reaction. Three-dimensional trimetallic PdAgCu HMSs were synthesized via in situ coreduction of Pd, Ag, and Cu precursors on "dual"-template structural directing surfactant of dioctadecyldimethylammonium chloride in optimal synthesis conditions. Due to synergistic advantages on hollow mesoporous nanostructures and multimetallic compositions, the resultant PdAgCu HMSs exhibited significantly enhanced electrocatalytic performance toward ethanol oxidation reaction with a mass activity of 5.13 A mg Pd −1 at a scan rate of 50 mV s −1 and operation stability (retained 1.09 A mg pd −1 after the electrocatalysis). The "dual"-template route will open a new avenue to rationally design multimetallic HMSs with controlled functions for broad applications.
■ INTRODUCTION
The rational design and synthesis of noble metal nanocrystals with controlled nanostructures and functions have received enormous attention due to their broad applications in (electro)-catalysis, sensors, bioimaging, drug delivery, and so forth. 1−4 Among the various nanostructures of noble metal nanocrystals, hierarchically hollow mesoporous nanospheres (HMSs) with an interior hollow cavity and mesoporous shell have recently been of high interest. 5−7 Three-dimensional (3D) HMSs not only decrease the mass density of noble metals, but also enlarge the surface area to expose more accessible active sites. Specifically, the mesoporous shell with shortened and opened nanochannels of the HMSs would further facilitate mass transfer during the catalysis kinetically. 8, 9 These merits endow the HMSs with excellent (electro)catalytic performance. A number of synthetic methods and techniques have been developed to prepare nanosized HMSs, including the surfactant route, 10−14 emulsion approach, 15, 16 and hard-template route. 17−21 Unfortunately, successful synthesis of the HMSs mostly focuses on silica, carbon, and metal compounds. 5, 6, 22 Noble metal nanocrystalsbased HMSs are rarely reported, especially by surfactantdirected synthesis, 23, 24 possibly because of the complexity and difficulty in tuning the crystalline nucleation kinetics of noble metal precursors while simultaneously maintaining the assembled hollow mesoporous structures during the synthesis.
The introduction of less-expensive secondary metals into noble metal nanocrystals to form multimetallic nanoalloys also enhances their catalytic performance and meanwhile enlarges the utilization efficiency of noble metals. 25−30 Taking electrocatalytic ethanol oxidation reaction (EOR) as the example, alloying Pd with more oxophilic metals (e.g., Au, Ag, Ru, Cu, or Ni) would facilitate the formation of surface-adsorbed OH (OH ads ). This promotes the direct oxidation reaction of OH ads with poisoning intermediates, and eventually accelerates EOR. 31, 32 Besides, the adsorption affinity strength of poisoning intermediates on Pd-based alloyed nanocatalysts would also be weakened through the d-band theory, and also enhance mass activity in EOR accordingly. 33, 34 Recently, some researchers found that, when alloying the third (and even fourth) metals into multimetallic nanoalloys, the catalytic performance was further enhanced due to the synergistic composition effects compared to their bimetallic counterparts. 35−37 On the basis of above discussions, therefore, a high-performance nanocatalyst can be expected when combining synergistically structural and compositional effects, including hollow mesoporous shell and multimetallic nanoalloy. However, the surfactant-directed formation of multimetallic Pd-based hollow mesoporous nanostructures is highly challenging and has not yet been achieved thus far.
Herein, we presented a facile yet effective aqueous synthesis of trimetallic PdAgCu HMSs with an adjustable interior hollow cavity and mesoporous shell through a simple, one-pot "dual" micelle template route for the first time. The introduction of dioctadecyldimethylammonium chloride (DODAC) as the "dual"-template structural directing surfactant and using Ag as the cometal under the optimal synthesis conditions were found to be critical for the formation of multimetallic Pd-based HMSs. The resultant PdAgCu HMSs combined multiple merits, including multimetallic composition, and a hollow and mesoporous nanostructure with cylindrically opened nanochannels, and thus synergistically boosted the electrocatalytic performance toward electrochemical EOR. The origin of enhanced electrocatalytic performance was also kinetically elucidated by CO antipoisoning experiments, in comparison to bimetallic and solid mesoporous counterpart catalysts.
■ RESULTS AND DISCUSSION
The morphology and nanostructure of as-made trimetallic PdAgCu HMSs, which were synthesized with the surfactant of DODAC, metal coprecursors of H 2 PdCl 4 , AgNO 3 , and Cu-(NO 3 ) 2 , and reducing agent of ascorbic acid (see experimental for more synthesis details), 38−40 were carefully characterized by transition electron microscopy (TEM) and high-angle annular dark-field scanning TEM (HAADF-STEM). As shown in Figure  1a ,b, the typical low-magnification TEM images exhibited monodispersed and uniform hollow structured nanospheres with a well-defined mesoporous shell. The diameter of HMSs was in the range of 85−140 nm with an average interior hollow cavity size of 55 nm and mesoporous shell thickness of 30 nm (Figure 1m ). Uniform mesoporous nanostructures with a pretty clear interior hollow cavity were further indicated by HAADF-STEM (Figure 1c , see more TEM and STEM images in Figure  S1 ). The high-magnification TEM image of an individual HMS was provided to further distinguish interior hollow cavity and mesoporous shell. As shown in Figure 1d , the hollow nanosphere composed of the nearly defect-free mesopores in the whole shell. Mesoporous nanochannels were ordered and cylindrically opened (as schematically marked in Figure 1d ). The average mesopore size was 2.7 nm with a wall thickness of 3.5 nm ( Figure  1e ). Mesoporous framework of HMSs was also revealed by small-angle X-ray diffraction (XRD) (Figure 1k) . A typical diffraction peak appeared at 1.3°, indicating that the cell parameter of the mesoporous shell was 6.8 nm, in line with the results observed from TEM (6.2 nm).
The crystallinity and trimetallic chemical compositions of PdAgCu HMSs were further revealed. A face-centered cubic (fcc) lattice fringe was clearly observed from the high-resolution TEM image, as indicated by PdAgCu (111) plane with a dspacing of 0.226 nm (Figure 1f ). The selected-area electron diffraction (SAED) (Figure 1g ) and wide-angle XRD pattern ( Figure 1l ) were also characterized to reveal the crystallinity of the PdAgCu HMSs, both of which displayed a single set of the peaks assignable to the (111), (200), (220), (311) (Figure 1h ). Homogeneous distribution of Pd, Ag, and Cu throughout the whole HMS shell without observable composition segregation indicated the typical solid alloy phase of trimetallic PdAgCu HMSs. The successful formation of HMSs with interior hollow cavity and alloyed PdAgCu composition was also confirmed by STEM line scan ( Figure 1i ). The composition of Pd, Ag, and Cu in the HMSs was determined to be 54.1:36.4:9.5, in accordance with the result from a X-ray photoelectron spectroscopy (XPS) survey ( Figure S2 ). Highresolution XPS was further fitted to identify the surface electron states ( Figure S3 ). Obviously, the formation of trimetallic PdAgCu nanoalloy gave rise to a positive shift in binding energy than their monometallic counterparts, indicating the upshift of core levels in the Fermi level. 41−43 Slightly oxidized species (Pd 2+ , Ag + , and Cu 2+ ) by peak deconvolution further implied the formation of trimetallic PdAgCu nanoalloys.
The above morphological and structural characterizations correlated that trimetallic PdAgCu HMSs were composed of highly uniform nanostructures and chemical compositions with a well-defined interior hollow cavity and cylindrically opened mesoporous shell. We reasoned that "dual" templates of rod and vesicle micelles assembled by the surfactant of DODAC as well as appropriate metal precursors cooperatively facilitated the formation of trimetallic PdAgCu HMSs. First, amphiphilic surfactant of DODAC with two hydrophobic tails and one hydrophilic quaternary head (see chemical structure in Figure  S4 ) self-assembled into rod and vesicle "dual" micelle structures simultaneously in an aqueous solution at the low temperature of 25°C and low critical aggregation concentration (cac) of 0.5 mM. 44, 45 Similar observations were also achieved by the surfactants of (−)-N-dodecyl-N-methylephedrinium bromide, 10 and mixed surfactants of N-stearoyl-L-glutamic acid and Brij-56 (C 16 H 31 -(OCH 2 CH 2 ) 10 OH).
11 Subsequently, the electrostatic interaction between metal precursors and "dual"-template structural directing micelles further facilitated the cooperative assembly into a hollow mesoporous nanostructure and in situ growth of trimetallic PdAgCu nanocrystals along "dual"-template micelles into the HMSs kinetically (Figure 2a) . We emphasized that both synthesis conditions (surfactant, reaction temperature, and pH) and metal coprecursors played the critical roles in the formation of HMSs. To confirm our hypothesis and to gain more insights into the formation mechanism of trimetallic PdAgCu HMSs, a series of control experiments were carefully carried out as follows.
First, we explored the effect of metal precursors and found that Ag was vital in the formation of Pd-based HMSs. As shown in Figure 2b ,c, only the mesoporous nanosphere (MS) structure was formed for monometallic Pd and bimetallic PdCu nanocrystals, indicating that in situ growth along the rod micelle suppressed along the vesical one in the absence of Ag precursor. By contrast, bimetallic PdAg HMSs were achieved when using Pd and Ag as coprecursors (Figure 2d , see wide-angle XRD in Figure S5 ). We further investigated the effect of Ag precursor in the formation of trimetallic PdAgCu HMSs by carefully tuning the Ag content (Figure 2e−g; see more TEM images in Figure  S6 ). With a Ag content of 18.7 wt %, the interior hollow cavity appeared (Figure 2e 2g). Only irregular nanoparticles were obtained with the higher Ag content (>83.4 wt %), indicating the complete destruction of "dual" template micelles (Figure S6p−r) . Similar Ag-directed formation of HMS with interior hollow cavity was also observed in bimetallic PdAg nanoalloys ( Figure S7 ). Ag + is easier to be reduced into nanocrystals due to the higher reduction potential of Ag + /Ag, compared to Pd 2+ /Pd and Cu 2+ /Cu. 46,47 Our experimental observations implied that the quicker nucleation rate kinetically accelerated the growth of Pd-based nanocrystals into HMSs along vesicle and rod "dual"-template micelles simultaneously. By contrast, in the slower nucleation rate, thermodynamically stable rod micelles suppressed the vesicle one and resulted in the formation of solid MSs.
Second, the surfactants and synthesis conditions were controlled to further reveal the formation mechanism of HMSs. On the one hand, we found that the cationic surfactants with one hydrophobic tail (cetyltrimethylammonium chloride (C 16 TAC) and octadecyltrimethylammonium chloride (C 18 TAC)), anionic surfactant of N-(2-carboxyethyl)-N,Ndimethyloctadecan-1-ammonium chloride (C 18 TAOC), 48 and nonionic surfactant (Pluronic F127) 39 resulted in the formation of solid PdAgCu MSs, rather than HMSs ( Figure S8 ). These results indicated the importance of DODAC as the "dual"-template structural directing surfactant in the formation of the HMSs. On the other hand, the self-assembled micelle nanostructures of DODAC are strongly sensitive to the reaction conditions. 44, 45, 49 The pH of the reaction solution was first investigated by the addition of HCl and NaOH, and corresponding results are summarized in Figure 2h −j (see Figure S9 for more TEM images). Initially solid MS structures in the lower pH of 2.0 (Figure 2h ) gradually evolved into HMS ones with a small interior hollow cavity (<30 nm) with increasing pH to be 3.3 ( Figure 2i ). The interior hollow cavity became bigger and clearer, and the mesoporous shell was also thinner and uniform in the pH of 6.4 (Figure 1) . At a higher pH of 11.8, interestingly, only hollow nanospheres with the solid shell (not mesoporous) were obtained (Figure 2j ). The different pH would intrinsically change the packing parameter (g value) of the surfactants (DODAC), and thus alter the assembled micelle nanostructures. 44, 45, 48, 50, 51 The results indicated that the micelle structures of DODAC changed from rod, to "dual" rod and vesicle, finally to pure vesicle with the increase of pH of the reaction solution. The results definitely verified the existence of "dual"-template structure directing micelles during the synthesis of the HMSs. The effect on "dual" templates of DODAC was also discussed by changing reaction temperatures ( Figure S10 ). Corresponding structural evolution of PdAgCu nanocrystals further indicated the importance of the optimized synthesis conditions for the HMSs.
The above control experiments definitely confirmed that the formation of trimetallic PdAgCu HMSs originated from precise control over crystalline nucleation kinetics and "dual"-template structural directing micelles by the synthesis parameters, including the species of surfactants and metal precursors, and reaction conditions. As far as we know, this work represents the first successful synthesis of hierarchically multimetallic alloyed HMSs with a controlled interior hollow cavity and cylindrically opened mesoporous shell. Trimetallic PdAgCu HMSs combined multiple structural and compositional merits, and thus endowed them with high utilization efficiency of noble metal (Pd), abundant active sites, enlarged surface area, and mass transfer ability, and eventually enhanced electrocatalytic kinetics. Therefore, the HMSs could be employed as highly efficient nanocatalysts with a synergic enhancement effect in EOR for fuel cell applications, with respect to its 0D solid MS and monometallic/bimetallic counterpart nanocatalysts.
The catalytic performance of trimetallic PdAgCu HMSs was evaluated for electrocatalytic EOR in alkaline solution, and the results were compared with those of trimetallic PdAgCu MSs (synthesized with C 18 TAC as the template, Figure S8d −f), bimetallic PdAg HMSs (Figure 2d ), bimetallic PdCu MSs (Figure 2c) , and commercial Pd black (PdB) catalysts. Before the electrocatalytic measurements, the catalysts were first washed with acetic acid and modified on glassy carbon electrodes for further electrochemical clean to thoroughly remove the surfactants within the HMSs and MSs (see experimental for more details).
52 Figure 3a shows the cyclic voltammograms (CVs, normalized to the amount of Pd) of the catalysts collected in N 2 -saturated 1.0 M KOH with a scan rate of 50 mV s . The pronounced cathode signals in the range of −0.6 V and −0.1 V (vs SCE) for all catalysts were seen during the negative sweep, corresponding to the reduction of PdO to Pd. 36, 53 Among them, trimetallic PdAgCu HMSs exhibited the lowest reduction peak potential and the largest peak area. This may be responsible for the more accessible active sites and easier PdO reduction ability, and enhanced activity. Electrochemical active surface areas (ECSAs) estimated in the area of PdO (Figure 3b) . The highest ECSA of trimetallic PdAgCu HMSs, which was almost 2 times than that of its MS counterparts and 1.1 times than that of bimetallic counterparts, highlighted synergistically structural and compositional advantages. Figure 3c shows the CV curves of above five nanocatalysts in the presence of 1 M ethanol, in which the characteristic EOR peaks were clearly identified in both forward and backward scans. It was easy to note that the electrocatalytic activity of EOR strongly corresponded to nanostructures and chemical compositions of the nanocatalysts. Mass peak current density of PdAgCu HMSs, PdAgCu MSs, PdAg HMSs, PdCu MSs, and PdB was 5.13, 3.28, 3.38, 2.87, and 0.83 A mg Pd −1
, respectively, at a scan rate of 50 mV s −1 (Figure 3d ). Obviously, trimetallic PdAgCu HMSs hold the highest EOR mass activity, which was 1.52 times higher than bimetallic counterpart, and 1.56−1.79 times higher than MS counterpart, and 6.18 times higher than commercial PdB catalyst. Meanwhile, the trimetallic PdAgCu HMS is one of the best active EOR electrocatalysts, comparable to these reported nanocatalysts in the literature (Table S1) . We further performed the CV scans at different scan rates (10−200 mV s (Figures S11−S15) . A similar mass activity tendency of the catalysts was seen. We also summarized the corresponding relationship between the forward peak current and square root of scan rate (v 1/2 ). A well-matched linear relationship indicated a diffusion-controlled process during the EOR electrocatalysis for the nanocatalysts. 54 Lastly, the electrocatalytic stability of the catalysts was evaluated by current−time (i−t) chronoamperometry measurements at a potential of −0.2 V (Figure S16) . A fast activity loss was found for commercial PdB catalyst after the electrocatalysis for 2000 s. On the contrary, a slightly slower loss in activity was achieved for bimetallic and trimetallic HMSs and MSs. Specially, trimetallic PdAgCu HMSs retained a mass activity of 1.09 A mg pd −1 after the electrocatalysis, which was 18.2 times higher than that of PdB (0.06 A mg pd −1 hollow mesoporous nanostructures that enhanced the contraction affinity with carbon support and greatly facilitated the electron and mass transfer during the electrocatalysis, and thus suppressed the dissolution and Ostwald ripening of PdAgCu HMSs. 55, 56 Electrocatalytic kinetics was also revealed by direct observations on Tafel plots and the ratios of the forward peak current (I f ) to the backward peak current (I b ) (I f /I b ). As shown in Figure 3e , Tafel plots, which behaved in the current region of −0.8 and −0.7 V,were also responsible for the nanostructures and elemental compositions of the catalysts strongly. Both the larger Tafel plot (140 mV dec −1 ) and highest output current (−0.78 to 0.75 V) were seen for trimetallic PdAgCu HMSs, identifying the faster electrochemical kinetics during the EOR electrocatalysis. 54, 57 Meanwhile, the highest I f /I b value of 1.125 indicated PdAgCu HMSs possessed a better tolerance to carbonaceous (CH 3 CO and CO) intermediates (Figure 3f ). 54 These results further implied that both trimetallic PdAgCu compositions and hollow mesoporous nanostructures contributed synergistically to enhanced electrocatalytic kinetics, and thus boosted EOR performance.
In alkaline media, electrocatalytic EOR generally proceeds on metal (M) catalysts via the following multiple pathways: (1) 36, 53 Trimetallic PdAgCu HMSs combine synergetic advantages to boost the electrocatalytic kinetics and thus enhance EOR performance. On the one hand, oxophilic Ag and Cu sites can compositionally facilitate the adsorption of OH ads by Ag−OH ads and Cu−OH ads , and kinetically accelerate eq 3. Meanwhile, alloyed Ag and Cu in Pd would modify the electron structure of Pd (as indicated by XPS) and thus weaken the adsorption and affinity of (CH 3 CO) ads on Pd, compared to monometallic Pd and bimetallic PdAg counterparts. 43 This also results in the easier removal of Pd-(CH 3 CO) ads and enhanced activity. On the other hand, hollow mesostructured nanospheres with cylindrically opened nanochannels of the HMSs structurally possess more accessible active sites and easier mass transfer ability (both reactants, intermediates, and products). This also causes the enhanced electrocatalytic kinetics for EOR.
The better desorption kinetics of adsorbed poisoning carbonaceous intermediates on trimetallic PdAgCu HMSs was also identified by CO stripping tests (Figure 4) . Two consecutive CV curves of trimetallic PdAgCu HMSs and MSs, and bimetallic PdAg HMSs were recorded in the range of −0.9 and 0.2 V at a scan rate of 50 mV s . Complete elimination of CO ads was observed after the second forward scan (Figure 4a−c) , indicating the better CO antipoisoning ability of those catalysts. We further compared the onset potentials and active areas of CO oxidation peak by overlapping the CVs. As marked in Figure 4d , trimetallic PdAgCu HMSs and MSs showed a similar onset potential at −0.50 V, 0.09 V negatively than that of bimetallic PdAg HMSs. Furthermore, trimetallic PdAgCu HMSs possessed the largest active area of the oxidation peak, which was ∼1.5 times higher than PdAgCu MSs or PdAg HMSs. Both more negative onset potential and larger surface area of CO oxidation peak indicated the enhanced CO oxidation/removal activity and better CO antipoisoning behavior kinetically. 36, 53 These results further confirmed synergistically compositional and structural advantages of trimetallic PdAgCu HMSs for electrocatalytic EOR as discussed above.
■ CONCLUSION
In conclusion, we reported, for the first time, a "dual"-templatedirected synthesis method to grow in situ well-dispersed and uniform multimetallic nanoalloyed HMSs in an aqueous solution. The HMSs featured multimetallic (PdAg-based) composition and hollow mesoporous nanostructure with controlled interior hollow cavity and cylindrically opened mesoporous shell. Control experiments confirmed that the optimal synthesis parameters, including metal precursors, surfactants, and reaction conditions, should be seriously considered for the formation of multimetallic HMSs. Compositional and structural advantages of trimetallic PdAgCu HMSs synergistically boosted the electrocatalytic performance for EOR in alkaline solution by kinetically improving the formation of OH ads and facilitating the removal of (CH 3 CO) ads and its decomposed intermediates. Our synthesis strategy on the "dual"-template route can be readily extended to other multimetallic nanoalloyed HMSs with desired functions and provide a new avenue to design high-performance nanocatalysts with a synergistic enhancement effect. Trimetallic PdAgAu HMSs and tetrametallic PdAgAuCu HMSs were successfully formed by the "dual"-template method as examples ( Figure S17 ). 
